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Phenomenology of Supersymmetric Theories with and without R-Parity 

J. C. Romao a * * 

a Instituto Superior Tecnico, Departamento de Fisica 
A. Rovisco Pais 1, 1049-1001 Lisboa, Portugal 

We review supersymmetry models with and without R-parity. After briefly describing the Minimal Supersy- 
metric Standard Model and its particle content we move to models where R-parity is broken, either spontaneously 
or explicitly. In this last case we consider the situation where R-parity is broken via bilinear terms in the super- 
potential. The radiative breaking of these models is described in the context of b-r and b-r—t unification. Finally 
we review the phenomenology of these R-parity violating models. 



1. The Minimal Supersymmetric Standard 
Model 

1.1. Motivation for Supersymmetry 

Although there is not yet direct experimental 
evidence for supersymmetry (SUSY) [Q, there 
are many theoretical arguments indicating that 
SUSY might be of relevance for physics below 
the 1 TeV scale. In fact SUSY interrelates mat- 
ter fields (leptons and quarks) with force fields 
(gauge and/or Higgs bosons) and as local SUSY 
implies gravity (supergravity) it could provide 
a way to unify gravity with the other interac- 
tions. As SUSY and supergravity have fewer 
divergences than conventional field theories, the 
hope is that it could provide a consistent (finite) 
quantum gravity theory. Finally and most im- 
portant, SUSY can help to understand the mass 
problem, in particular solve the naturalness prob- 
lem ( and in some models even the hierarchy prob- 
lem) if SUSY particles have masses < O(lTeV). 

1.2. R Parity 

In the discussions of SUSY phenomenology 
there is a quantum number called R-Parity that 
plays an important role: 



R P = (-1) 



2J+3B+L 



(1) 
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In the MSSM this quantity is conserved. This 
implies that SUSY particles are pair produced, 
every SUSY particle decays into another SUSY 
particle and there is a LSP that it is stable {f 
signature). 

1.3. The Model 

The MSSM Lagrangian is specified g by the 
R-parity conserving superpotential W, 



WmSSM = £ab 



+h%L\R j Ht - nH?H>] (2) 



where i,j — 1,2,3 are generation indices, a,b = 
1,2 arc SU{2) indices, and e is a completely an- 
tisymmetric 2x2 matrix, with e%2 = 1. To this 
we have to add the SUSY soft breaking terms, 



V. 



MSSM _ 



soft 



M^Q a l *Q a 1 + M}j 2 U* Uj + M^D* D 



MpLfi? + M'S'RfR 



y'2 ': 



3 

-[±M s \ s \ s +±M\\+±M'\'\'+h.c] 
+e ab [A%h%QtUiH% + A%h%QfrDjHi 
+A%h%L\R j H a l BnH?H>] (3) 

The electroweak symmetry is broken when the 
two Higgs doublets H\ and H2 acquire vevs 
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where H® 



V2 







■ Vi 



i(pf), and ff 2 ° 



^1 (erg + «2 + i^a) ■ O ur definitions are such that 
v 2 = v\ + v\ = (246 GeV) 2 (5) 
The full scalar potential at tree level is then 
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V, 



total 



E 



dW 



dz 



+ V D + V so ft 



(G) 



The scalar potential contains linear terms 

Vlinear = tl&l + t 2 <J 2 (7) 

where 



ti = m\v 1 -B^V2 + \{g 2 +g' 2 )vi{vl-vl) , 



to 



lv 2 -BfI Vl - l(g 2 +g' 2 ) V2 (v 2 -V 2 ) (8) 



and m 2 = mj 1 .+^ 2 . At the minimum one should 
have 



k = 



i = 1,2 



(9) 



and m^ 2 < 0. Now two approaches are possible. 
In the first the values of the parameters at the 
weak scale are completely arbitrary. In the sec- 
ond the theory at weak scale is obtained from a 
GUT and there are few parameters at GUT scale. 
This possibility is more constrained (CMSSM) . In 
the second approach one usually takes the N=l 
SUGRA conditions: 

A t = A b = A T = A , 
B = B 2 = A - 1 , 



'H 1 



m 



11. 



M 2 R 



Mq = M? r = Mn = m 2 



Ah 



U — 1VX D — "'0 ! 

M 2 = Mi = Mi/ 2 



(10) 



After using the minimization equations one ends 
up with three independent parameters. These 
are normally taken to be tan (3 and the masses 
of two of the physical Higgs bosons. It is remark- 
able that with so few parameters we can get the 
correct values for the parameters, in particular 



< 0. 



Table 1 

MSSM Particle Content 



Supcrmultiplet 


SU C (3) ® SU L (2)®U Y (1) 
Quantum Numbers 


Vi = (\',W?) 


Uy({) Gauge multiplet 


v 2 = (A Q ,iun 


SUl(2) Gauge multiplet 




SU C (3) Gauge multiplet 


Li = (L, L)i 


(1.2,-i) 




(1,1,1) 


Qi = (Q, Q)i 


(3,2,1) 


A = (d R ,dZ)i 


(3,1,1) 


Ui = {u R ,u c L )i 


(3,1,-1) 


Hi = (Hi, Hi) 


(1,2,-1) 


H 2 = (H 2 , H 2 ) 


(1,2, +1) 



1.4. Particle Content 

The minimal particle content of the MSSM is 
described in Table [lj From this table one can 
see that the MSSM more than doubles the SM 
particle content. For SUSY to be relevant for the 
hierarchy problem these SUSY partners have to 
have masses below the 1 TeV scale. Then they 
should be seen at LEP and/or LHC. 

1.5. The Higgs Mass 
1.5.1. Tree Level 

The tree level mass matrices are 



Mr 



TL 



COt/3 -1 

-1 tan/3 J 2 
tan/3 —1 
-1 cot/3 



1 m| sin 2/3 



and 



Mi 2 



tan/3 



-1 



1 cot/? 



where 
A TL = Bfi 



(11) 



(12) 



(13) 
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From these we obtain the masses, 



= 2A TL /sin2/3 



with 



T\ (m 



•nT h + rrijj = m" A + rn^ 
and the very important result 
rah < itia < n%H ', rrih < mz < ran (16) 

1.5.2. Radiative Corrections 

The tree level bound of Eq. (|l^) is in fact 
evaded because the radiative corrections due to 
the top mass are quite large. The mass matrices 
are now, 

/ tan (3 — 1 



^2 ^2 



4 



4m 2 , m| cos 2 2/3 



(14) 



(15) 



M R 2 1L 



and 



Ml 



Mr 



TL 



\ -1 



An 



35 2 



tan/3 —1 
-1 cot/3 



cot/3 

An Ai 2 
A21 A22 



(A TL + Ai L ) 



(17) 



(18) 



The Aij are complicated expressions. The most 
important one is 



^22 



sin^/3 



log 



/ 2 2 
m~ ra- 
ti *2 



(19) 



Due to the strong dependence on the top mass 
the CP-even states are the most affected. The 
mass of the lightest Higgs boson, h can now be as 
large as 140 GeV. 

2. Spontaneously Broken R-Parity 

2.1. The Original Proposal 

In the original proposal |s| the content was just 
the MSSM and the breaking was induced by 



(v T ) = v L 



(20) 



The problem with this model was that the Ma- 
joron J coupled to Z° with gauge strength and 
therefore the decay Z° — » pL J contributed to the 
invisible Z width the equivalent of half a (light) 
neutrino family. After LEP I this was excluded. 



Table 2 

Lepton number assignments. 
Field L e 5 V c S others 

Lepton #1-1-11 



2.2. A Viable Model for SBRP 

The way to avoid the previous difficulty is to 
enlarge the model and make J mostly out of 
isosinglets. This was proposed by Masiero and 
Valle {§. The content is the MSSM plus a few 
Isosinglet Superfields that carry lepton number, 

v\ = (1, 0, -1) ; 5, = (1, 0, 1) ; $ = (1, 0, 0) (21) 

The model is defined by the superpotential [5|| 

W = h u u c QH u + h d d c QH d + h e e c LH d 

+(hoH u H d - ^ 2 )$ 

+Kv c LH u + h<S>v c S (22) 

where the lepton number assignments are shown 
in Table |2| The spontaneous breaking of R parity 
and lepton number is driven by Q 



Vr = {vrt) v s = (S T 



VL 



(23) 



The electroweak breaking and fermion masses 
arise from 



(H u ) = v u (H d ) = v d 



(24) 



with v 2 = v 2 . + v\ fixed by the W mass. The 
Majoron is given by the imaginary part of 



V S n 



(v u H u - v d H d ) + —v T - —v c r + —S T (25) 



V 



V 



V 



where V — \J v 2 R + u| . Since the Majoron is 
mainly an SU(2) (gi U(l) singlet it does not con- 
tribute to the invisible Z° decay width. 

2.3. Some Results on SBRP 

The SBRP model has been extensively stud- 
ied. The implications for accelerator |^| and non- 
accelerator Q physics have been presented before 
and we will not discuss them here ^ . As some of 
the recent work that we will describe at the end 
of this talk has to do with the neutrino properties 
in the context of Rp models we will only review 
here the neutrino results. 
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• Neutrinos have mass. Neutrinos are mass- 
less at Lagrangian level but get mass from 
the mixing with neutralinosP,|l(i(| . In the 
SBRP model it is possible to have non zero 
masses for two neutrinos [fiof . 

• Neutrinos mix. The mixing is related to the 
the coupling matrix h Vi . . This matrix has 
to be non diagonal in generation space to 
allow 



J 



(26) 



and therefore evading |To|] the Critical Den- 
sity Argument against v 1 s in the MeV range. 

• Avoiding BBN constraints on the m„ T . In 
the SM BBN arguments jll| rule out v T 
masses in the range 



0.5 MeV < m v < 35MeV 



(27) 



We have shown []12| that SBRP models can 
evade that constraint due to new annihila- 
tion channels 



JJ 



3. Explicitly Broken R-Parity 



(28) 



The most general superpotential W with the 
particle content of the MSSM is given by [HQ 



W = Wmss 



M 



W, 



ft 



(29) 



where Wmss m is given in Eq. and 
Wf> = e a b XijkLtLjRk + \jkDiLjQ b k 

+ ^ijkDiDjUk + £ab EiL" 



(30) 



The set of soft supersymmetry breaking terms are 
'MSSM "t" v R (31) 



■(/■soft _ \fSoft . r/soft 



where V^ssm are gi ven m Eq. H ancl 
iL?L)R h + AfD~L*Q\ 



V-SO ft 
ft = 6ab 



A^DiDjUk + e ab Bi€iLfH b u + h.c{32) 



4. Bilinear R-Parity Violation 

4.1. The Model 

The superpotential W for the bilinear Rp vio- 
lation model is obtained from Eq. ( p9| ) by putting 
to zero Jl3|,[l4| all the trilinear couplings, 

W = Wmssm + e ab e> L?H b 2 (33) 

The set of soft supersymmetry breaking terms are 

Vsoft = V s %f M + e ab Bi e, L?H b (34) 



The electroweak symmetry is broken when the 
VEVS of the two Higgs doublets Hd and H u , and 
the sneutrinos. 



H d = 



H u — 



Vd 



H~d 

m 



V2 



The gauge bosons W and Z acquire masses 



9' 2 )v 2 



(35) 
(36) 

(37) 
(38) 



12 2 2 1/2 

where 

v 2 = v\ + vl + v\ + v\ + v\ = (246 GeV) 2 (39) 

The bilinear R-parity violating term cannot be 
eliminated by superfield redefinition |L5]]. The 
reason is that the bottom Yukawa coupling, usu- 
ally neglected, plays a crucial role in splitting the 
soft-breaking parameters B and B2 as well as the 
scalar masses m 2 Hi and M£, assumed to be equal 
at the unification scale. 
The full scalar potential may be written as 



Vtotal — 



dW 



dzi 



V D + V so ft + V RC 



(40) 



where z, denotes any one of the scalar fields in 
the theory, Vd are the usual D-terms, V so f t the 
SUSY soft breaking terms, and Vrc are the one- 
loop radiative corrections. 

In writing Vrc we use the diagrammatic method 
and find the minimization conditions by correct- 
ing to one-loop the tadpole equations. This 
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method has advantages with respect to the ef- 
fective potential when we calculate the one-loop 
corrected scalar masses. The scalar potential con- 
tains linear terms 



Vu near = tdCT® + t u O® u + tiVf = t n CT, 



(41) 



where we have introduced the notation 

„0 (Jd _0 ,,R ,,R ,,R\ fAn\ 

and a = d, u, 1, 2, 3. The one loop tadpoles are 
5t]p*+T a (Q) 

T]F(Q) (43) 
T a (Q) are the finite 



r 



r 



where T™ S (Q) = -6t™ s 
one-loop tadpoles. 



4.2. Main Features 

The e-model is a one (three) parameter (s) gen- 
eralization of the MSSM. It can be thought as an 
effective model showing the more important fea- 
tures of the SBRP-model || at the weak scale. 
The mass matrices, charged and neutral currents, 
are similar to the SBRP model if we identify 



e = vrK 



(44) 



The Rp violating parameters and Vi violate 
lepton number, inducing a non-zero mass for only 
one neutrino, which could be considered to be the 
the v T . The v e and remain massless in first 
approximation. As we will explain below, they 
acquire masses from supersymmetric loops |l6| , [l7f 
that are typically smaller than the tree level mass. 

The model has the MSSM as a limit. This can 
be illustrated in Figure [l] where we show the ratio 
of the lightest CP-even Higgs boson mass nih in 
the e-model and in the MSSM as a function of ^3. 
Many other results concerning this model and the 
implications for physics at the accelerators can be 
found in ref. Ill 3Ul 



5. Some Results in the Bilinear ftp model 

5.1. Radiative Breaking: The minimal case 

At Q = Mqjjt we assume the standard min- 
imal supergravity unifications assumptions given 
in Eq. (|l0|). In order to determine the values 



w 1 

CD 1 



E 

sz 

E 

0.95 




0.9 



|v 3 | (GeV) 

Figure 1. Ratio of the lightest CP-even Higgs 
boson mass rrih in the e-model and in the MSSM 
as a function of V3. 



of the Yukawa couplings and of the soft break- 
ing scalar masses at low energies we first run the 
RGE's from the unification scale Mqjjt ~ 10 16 
GeV down to the weak scale. We randomly give 
values at the unification scale for the parameters 
of the theory. 



10- 2 


< 


^GC/r/ 47r 


< 


1 


10~ 5 


< 


h l G UT/ A7r 


< 


1 


-3 


< 


A/mo 


< 


3 





< 


< 


10 





< 


M 1/2 /m 


< 


5 


10- 2 


< 


e i G!7t/ TO 


< 


10 



(45) 



The values of h^ UT , h^ UT , h<? UT are defined in 
such a way that we get the charged lepton masses 
correctly. As the charginos mix with the leptons, 
through a mass matrix given by 



M 



c 



M c A 
B M L 



(46) 
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where Mc is the usual MSSM chargino mass ma- 
trix, 



Table 3 



Mc 



M -^gv n 



(47) 



Ml is the lepton mass matrix, that we consider 
diagonal, 

' ^h Ell v d 



Mr = 



75' 







l E 22 v d 







v^2 



(48) 





' -\h Ell vi 


0" 






-ei" 


A T = 


- \h E ^v\ 





B = 








. - \h E33 vz 


0. 




-h v 3 


-£3. 



and ^4 and S are matrices that are non zero due 
to the violation of Rp and are given by 



(49) 



We used JTs| an iterative procedure to accomplish 
that the three lightest eigenvalues of M.q are i n 
agreement with the experimental masses of the 
leptons. After running the RGE we have a com- 
plete set of parameters, Yukawa couplings and 
soft-breaking masses mf (RGE) to study the min- 
imization. This is done by the following method: 
we solve the minimization equations for the soft 
masses squared. This is easy because those equa- 
tions are linear on the soft masses squared. The 
values obtained in this way, that we call m\ are 
not equal to the values mf (RGE) that we got via 
RGE. To achieve equality we define a function 



>1 



(RGE) 



rrr 



Urge)^ 



V/ 



inj 



(50) 



with the obvious property that 

V > 1 (51) 

Then we adjust the parameters to minimize rj. 
Before we end this section let us discuss the count- 
ing of free parameters in this model and in the 
minimal N=l supergravity unified version of the 
MSSM. In Table | we show this counting for the 
MSSM and in Table | for the e-model. Finally, 
we note that in either case, the sign of the mixing 
parameter /i is physical and has to be taken into 
account. 



Parameters 


Conditions 


Free Parameters 


hu hbi h T 


mw, m t 


tan (3 


v d , v u ,M 1/2 


m b , m r 


2 Extra 


m , A, pi 


U =0, i = 1,2 


(e.g. m h , m A ) 


Total = 9 


Total = 6 


Total = 3 


Table 4 






Counting of free parameters 


m our model 


Parameters 


Conditions 


Free Parameters 


ht, hb, h T 


mw, mt 


tan/3, 6j 


v d , v u , Mi/2 


mb, m T 




mo,A, n 


U = 


2 Extra 


Vi, €i 


(t = l,...,5) 


(e.g. m h , m^) 


Total = 15 


Total = 9 


Total = 6 



5.2. Gauge and Yukawa Unification in the 
e model 

There is a strong motivation to consider GUT 
theories where both gauge and Yukawa unification 
can achieved. This is because besides achieving 
gauge coupling unification, GUT theories also re- 
duce the number of free parameters in the Yukawa 
sector and this is normally a desirable feature. 
The situation with respect to the MSSM can 
be summarized as follows. In SU(5) models, 
hb = h T at Mqut- The predicted ratio mb/m T at 
Mweak agrees with experiments. A relation be- 
tween mtop and tan f3 is predicted. Two solutions 
are possible: low and high tan/3. In SO(10) and 
Eq models h t = hb = h T at Mqut- In this case, 
only the large tan/3 solution survives. We have 
shown |l^] that the e-model allows b — r Yukawa 
unification for any value of tan /3 and satisfying 
perturbativity of the couplings. We also find the 
t — b — T Yukawa unification easier to achieve than 
in the MSSM, occurring in a wider high tan/3 re- 
gion. This is shown in Fig. || where we plot the 
top quark mass as a function of tan /3 for differ- 
ent values of the R-Parity violating parameter V3 . 
Bottom quark and tau lepton Yukawa couplings 
are unified at Mqut- The horizontal lines corre- 
spond to the lcr experimental mt determination. 
Points with t — b — T unification lie in the diag- 
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onal band at high tan j3 values. We have taken 
Msusy = m t . 




10 20 30 40 50 60 70 



tan/? 

Figure 2. Top quark mass as a function of tan/3 
for different values of the R-Parity violating pa- 
rameter V3. 



5.3. O n a s (Mz) versus sin 2 Ow(M z ) 

Recent studies of gauge coupling unification in 
the context of MSSM agree that using the exper- 
imental values for the electromagnetic coupling 
and the weak mixing angle, we get the prediction 

a s (M z ) ~ 0.129 ±0.010 (52) 

that it is about la larger than indicated by the 
most recent world average value 

a s (M z ) w - A = 0.1189 ± 0.0015 (53) 

We have re-considered po| the a s prediction in 
the context of the model with bilinear breaking 
of R-Parity. We have shown that in this simplest 
R-Parity breaking model, with the same parti- 
cle content as the MSSM, there appears an ad- 
ditional negative contribution to a s , which can 
bring the theoretical prediction closer to the ex- 
perimental world average. This additional con- 
tribution comes from two-loop b-quark Yukawa 



effects on the renormalization group equations for 
a s . Moreover we have shown that this contribu- 
tion is typically correlated to the tau-neutrino 
mass which is induced by R-Parity breaking and 
which controls the R-Parity violating effects. We 
found that it is possible to get a 5% effect on 
a s (Mz) even for light v T masses. This is shown 
in Fig. [| where we compare the predictions of 
a s {M z ) in the MSSM and in the bilinear ft p 
model. 



« 5 (M Z ) 




0.2295 0.23 0.2305 0.231 0.2315 0.232 0.2325 0.233 



s 2 w (M z ) 

Figure 3. a s (Mz) versus §z for the MSSM (cir- 
cles) and for the bilinear Tjt p model (crosses). 



5.4. Neutrino Physics 

In this model at tree-level only one neutrino 
picks up a mass via the mixing with the neutrali- 
nos. This result is exact but it can best be seen 
in the limit where the Ifc p parameters are small 
compared with the SUSY parameters [[H] , 

e, , g Vl , g'vi < M t , M 2 , [i (54) 

Then we can write an effective neutrino 3x3 
matrix (see-saw) 

4det(AV) \A e A T A,A T A 2 . / 



s 



where det(A^ x o) is the determinant of the MSSM 
neutralino mass matrix and 



A t = fJ,Vi + V d £i 



(56) 



The projective nature of m e // ensures that we 
get two zero eigenvalues. The only non-zero is 



Tr(m ef f) 



M l9 2 + M 2 g' 2 , r a 



4det(My 



■[Af 



(57) 



At 1-loop level the two massless neutrinos 
get masses. The masses and mixings can be 
shown jl6| to be compatible with those needed 
to solve the solar and atmospheric neutrino prob- 
lems. We refer to the talk of M. Hirsch at this 
Conference |2^] for the details. 

5.5. Results at the Accelerators 

We have extensivley studied the implications of 
the BRpV model at the accelerators [|l4p[]. For 
instance an important prediction of the BRpV 
model is that the chargino can be single produced. 
The prediction for the NLC is shown in Fig. ^ 
Here we will not describe these results any further 



decays inside the detector. This is very impor- 
tant because its decays can serve as probes for 
the solar neutrino parameters [p2|j23|. 
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Figure 4. Maximum single chargino production 
cross section as a function of the chargino mass 
at NLC in BRpV. Light and heavy charginos are 
displayed. 



but we emphasize that if R-parity is violated, the 
neutralino is unstable. As it shown in Fig. |^ it 



6. Conclusions 

We have shown that there is a viable model for 
SBRP that leads to a very rich phenomenology, 
both at laboratory experiments, and at present 
(LEP) and future (LHC, LNC) accelerators. In 
these models the radiative breaking of both the 
Gauge Symmetry and R-Parity can be achieved. 
Most of these phenomenology can be described 
by an effective model with explicit R-Parity vi- 
olation. This model has many definite predic- 
tions that are different from the MSSM. In par- 
ticular b — r can be achieved for any value of tan f3 
and we get a better prediction for a s (Mz) then 
in the MSSM. We have calculated the one-loop 
corrected masses and mixings for the neutrinos 
and we get that these have the correct features 
to explain both the solar and atmospheric neu- 
trino anomalies. We emphasize that the lightest 
neutralino decays inside the detectors, thus lead- 
ing to a very different phenomenology than the 



9 



MSSM. In particular the neutrino parameters can 
be tested at the accelerators. 
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